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Blackberry chlorotic ringspot virus (BCRV) belongs to subgroup 1 of the genus Ilarvirus which, along with the genera Alfamovirus, Anulavirus, Bromovirus, Cucumovirus, and Oleavirus, form the family Bromoviridae (4, 6) . The tripartite genome of the virus consists of a 3.4-kb RNA 1 that codes a single protein with methyltransferase and helicase enzymatic motifs. The 2.8-kb RNA 2 encodes for the RNA-dependent RNA polymerase and a second open reading frame that encodes a protein believed to be involved in suppression of RNA interference, as inferred from its homology to the 2b gene of Asparagus virus-2 (19) . The 2.3-kb RNA 3 encodes for the movement and coat proteins of the virus, the latter likely expressed through a subgenomic RNA 4 (22) .
Unlike the majority of plant viruses that are dependent on a vector to move between hosts, ilarviruses are efficiently transmitted by seed or pollen (1, 2, 5) . This gives ilarviruses the advantage of vertical as well as horizontal transmission, where the virus is disseminated over large distances through wind currents and pollinating arthropods, as documented for honeybees and Blueberry shock virus (BlShV; 3). Thrips transmission has also been reported in the case of Prune dwarf virus (7) , Prunus necrotic ringspot virus, and Strawberry necrotic shock virus (10) , possibly facilitating transmission between plant species that would otherwise have not occurred.
Ilarviruses infect several economically important crops in the genera Citrus, Helianthus, Malus, Prunus, Rosa, Rubus, Solanum, and Vaccinium, among others (5, 18, 23, 25) . Ilarvirus infection can lead to significant economic damages, as documented for BlShV, causing 100% yield loss in the Pacific Northwest during the shock reaction period (11) , and Tobacco streak virus, causing sunflower necrosis and affecting 80% of the plants grown in major production areas in India (17) . Ilarviruses may also cause significant losses when found in mixed infections with other members of the group or taxonomically distant viruses acting synergistically to cause disease (12, 13, 26) .
BCRV was first isolated from blackberry showing line patterns and ringspots in the United Kingdom (9) . It was later reported in the United States in rose with rose rosette symptoms, raspberry with mosaic disease, and blackberry exhibiting symptoms of yellow vein disease (12, 21, 23) . In single infections, BCRV induces mild symptoms in tea rose and is asymptomatic in blackberry (14) but may, as reported for other ilarviruses, act synergistically to cause severe disease or exacerbate disease symptoms. This study describes the tools to elucidate BCRV epidemiology, including detection, virus incidence, host range, and seed transmission.
Materials and Methods
End-point reverse-transcription polymerase chain reaction detection. Nucleic acids were isolated from the area surrounding the primary vein of young, fully matured blackberry and rose leaves and used for reverse-transcription polymerase chain reaction (RT-PCR), as previously described (16) . After obtaining information on the complete RNA 3 of 32 isolates (GenBank accessions JX429864 to JX42989; 15), primers were developed to the most conserved regions of the sequenced RNA. Primers BCRV1836F/ BCRV2237R ( Table 1 ) that amplify a 402-base portion of the RNA provided the most reliable results in the pilot studies (data not shown) and were used in duplex PCR reactions with internal control primers NADHF/NADHR (24) to ensure the robustness of the protocol. The thermal cycler (C1000; Bio-Rad) profile for BCRV detection consisted of 1 min at 94°C; followed by 40 cycles of 15 s at 94°C, 15 s at 55°C, and 45 s at 72°C; followed by 10 min at 72°C. The samples were visualized in a 2% Tris-borate-EDTA e-Xtra * agarose gel stained with GelRed (Biotium). More than 10 amplicons were sequenced and all were found to be virus specific, validating the quality of the protocol. Quantitative RT-PCR detection. Preparation of RNA, RT, and quantitative (q)PCR design process was performed as previously described (16) , with the probe and primer sequences aligned against available BCRV RNA 3 GenBank accessions using ClustalW (20) of the BioEdit package (8) . Assays with properties acceptable for qPCR design were evaluated using either nondegenerate or degenerate bases. Primers and probe were synthesized by Integrated DNA Technologies as PrimeTime assays. The probe had a 5′ 6-carboxyfluorescein (6-FAM) fluorophore, a ZEN quencher between the 9th and 10th bases, and an Iowa Black FQ quencher at the 3′ end.
qPCR buffer and thermocycling conditions were identical to those previously described (16) . Primers with acceptable qPCR parameters were used in end-point PCR reactions to amplify BCRV amplicons used for standard curve construction. Sensitivities of qPCR assays were compared with the end-point PCR protocol described above.
Geographical distribution. The survey was conducted between 2008 and 2011. Blackberry plants from commercial fields and the wild were collected in Arkansas, California, Florida, Georgia, Illinois, Mississippi, North Carolina, South Carolina, and West Virginia whereas rose plants were collected in Alabama, Arkansas, Illinois, Iowa, Missouri, Mississippi, North Carolina, Oklahoma, and Tennessee and tested for the presence of BCRV using the endpoint RT-PCR detection protocol described above.
Host range. At least 16 samples for each of 24 plant species were collected in areas of high BCRV incidence and tested as potential alternate hosts of the virus (Table 2) . Plants were sampled from April to September 2010 so as to include early-, mid-, and late-season species. Total nucleic acids were extracted the day of sample collection and end-point RT-PCR detection was performed as described above.
Seed transmission. Seed transmission assays were done on Rosa multiflora naturally infected with BCRV and mechanically inoculated Chenopodium quinoa. For mechanical inoculation, BCRV-infected rose tissue was ground in 0.1 M phosphate buffer (pH 7.2) containing 2% (vol/vol) nicotine at a 1:10 (wt/vol) ratio. Sap was inoculated onto 30 C. quinoa seedlings previously dusted with carborundum (600 mesh). Seed were collected from inoculated C. quinoa plants that tested positive for BCRV in RT-PCR assays for the seed transmission studies. R. multiflora seed were
100 seedlings were tested to determine the transmission efficiency.
Results
Detection. More than 20 sets of primers were developed and tested for their robustness and specificity. BCRV1836F/ BCRV2237R (Table 1) was the most efficient primer pair and did not yield amplicons in the negative controls (Fig. 1) .
More than 10 TaqMan qPCR probe-primer sets (data not shown), able to detect all available BCRV genotypes, were designed and tested. Nondegenerate sets did not meet the acceptable qPCR quality requirements and, therefore, oligos with degeneracies were evaluated. After considering all parameters, BCRV3.298 assay was selected. The standard curve (eight points) gave an average efficiency = 98.8%, correlation coefficient = 0.999, slope = -3.352, and y-intercept = 38.736 (Fig. 2) .
The TaqMan qPCR BCRV3.298 assay was compared with the BCRV1836F/BCRV2237R PCR protocol, without the use of the internal control, to determine sensitivity. Using the same serially diluted cDNA on a C1000 Thermal Cycler (Bio-Rad) with five replications, the BCRV3.298 assay could detect BCRV at a 1/4,096 cDNA dilution whereas the BCRV1836F/BCRV2237R counterpart gave visible amplicons at a 1/64 dilution (Fig. 3) , making the qPCR protocol at least 64 times more sensitive than its end-point counterpart.
Geographical distribution. In total, 245 blackberry yellow vein disease-affected cultivated and wild blackberry plants were collected from eight states (Table 3) and tested for the presence of BCRV by RT-PCR. The virus was present in all states, including Illinois and West Virginia, where it had not been documented before. The virus was detected in approximately 4 and 43% of cultivated and wild blackberry samples, respectively. Survey for the occurrence of BCRV was conducted on 99 randomly collected wild or cultivated rose plants from nine states ( Table 3) . The virus was detected in samples from Arkansas, Missouri, Illinois, and Tennessee om approximately 30 and 58% of cultivated and wild rose samples, respectively. Alternative hosts. Apple is a new host for BCRV, with 2 of the 200 trees tested found infected with the virus. Three RNA extractions followed by RT-PCR reactions were performed to confirm the presence of the virus in those trees. In addition, one sample was sequenced and deposited in GenBank (accession number KF356398). Seed from the same tree were extracted and used to evaluate transmission rate in apple.
Transmission. BCRV was mechanically transmissible to C. quinoa; four seedlings developed symptoms and tested positive for the virus (Fig. 4) . In all, 49 and 58% of C. quinoa and R. multiflora seedlings tested for seed transmission, respectively, were infected with the virus. In the case of apple, 3 of 50 seedlings tested positive for BCRV but neither rose nor apple seedlings developed symptoms.
Discussion
Management of ilarviruses is a challenging undertaking (13, 25) . Elimination of infected pollen is unfeasible and the best approach to minimize ilarvirus impact is to grow crops in virus-free areas, using certified material, tested for the viruses of interest (26) . BCRV is a virus of particular concern because it infects at least four important rosaceous species. Although BCRV does not cause detrimental symptoms in single infections in the species tested a -Indicates lack of data for that particular year-state combination. (14) , its presence in plants with raspberry mosaic and blackberry yellow vein diseases (15, 23) suggests that BCRV may be one of the contributing factors for disease development. This study focused on several aspects of virus epidemiology: detection, incidence, host range, and transmission. Detection is a mandatory step in disease management; however, when working with a newly identified pathogen, it is critical to obtain sufficient information on its population structure to ensure robust and reliable detection. The end-point and quantitative PCR protocols, developed based on the population structure of the virus in the United States (15) , are able to amplify all sequenced isolates and will reduce the chance of false negatives, being of greater utility to certification and quarantine programs. The presence of the virus was verified in most states that were surveyed. BCRV was also detected in a high percentage of wild plants that may serve as an inoculum source for nearby agricultural plantings. This must be considered when developing management strategies. Apple was confirmed as a host of the virus, indicating that BCRV might have a wider host range among rosaceous hosts. Although this communication provides data that can be used to minimize virus spread, additional work is needed to fill in knowledge gaps. Alternative hosts play an important role in epidemiology by acting as virus reservoirs, and the detection of BCRV in apple signifies the importance of vigorous testing of species that can potentially be hosts for the virus. Additionally, several ilarviruses have been shown to be transmitted with pollen-bearing arthropods (3, 7, 10) , which could provide a transmission route across species, though this remains to be tested for BCRV. Breeders need to be aware that BCRV appears to be seed transmitted at high rates.
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